The large differences in thermal properties between water and ice cause thermal properties of frozen food to be strongly dependent on ice fraction, which is a function of solute concentration and temperature. Effective thermal conductivity of frozen food is described well by the dispersed model with ice phase dispersed in consideration of ice fraction. Ice crystal structure size in frozen food is determined by the advance rate of ice front reflecting the important role of the molecular diffusion of water in the mechanism of ice crystal growth. Supercooling causes the formation of very fine ice structure through the very high freezing rate at the moment of the cease of supercooling but the similar effect is realized by the pressure-shift freezing as a thermodynamically controllable process. By controlling the ice crystal structure size very large, the progressive freeze-concentration becomes possible. This method is very effective to make the freeze concentration system much simpler as compared with the conventional method of suspension crystallization to reduce the cost of freeze concentration substantially.
Introduction
Frozen food actually is a food with frozen water because water is the only component which freezes in food. This is a crystallization process so that water molecules get together excluding other components to form ice crystals. Ice crystal structure thus formed is determined by the state of water, thermal properties of food to be frozen, and operating conditions in freezing process. In this review, ice crystal structure is analyzed in frozen food and its application is discussed.
Thermal properties of food 2.1 Ice fraction
Before discussing on freezing, we must know about thermal properties of food such as specific heat and thermal conductivity. These properties drastically change in freezing process reflecting differences of these properties between water and ice as shown in Table 1 . Therefore, thermal properties are function of ice fraction (Choi & Okos, 1986) , which is strongly dependent on temperature especially in the range just below the freezing point. Ice fraction for pure water suddenly changes from zero to one at the freezing point. For actual food, however, the change in ice fraction is not like that in pure water. Figure 1 shows typical ice fraction data for frozen glucose solutions . Ice fraction is strongly dependent on temperature and coexisting solute concentration. Ice fraction, f i (wt%), have been described by the following equation (Pham, 1987) .
where x W is water content (wt%), T is temperature (˚C), x b is bound water content (wt%), and T f is initial freezing temperature (˚C). Parameters in Eq. (1), x b and T f , have been reported for various food materials with water content fixed (Table 2) (Pham, 1987) and for aqueous polymer systems with water content varied (Table 3) (Miyawaki & Pongsawatmanit, 1994) .
Thermal properties as function of temperature
As a change in density of water in freezing is not so large (Table 1) , the effect of ice fraction on density of frozen food is not so serious. Density of a mixture, r, is generally described by the following equation:
r=1/Â i (x i /r) (2) where x i and r i are weight fraction and intrinsic density of i-th component like water, ice, protein etc.
Specific heat of frozen food is strongly dependent on ice fraction because specific heat of water and that of ice is different by about two fold (Table 1) . For specific heat of mixture, C P , a simple additive equation is applicable as follows:
where C pi is intrinsic specific heat of i-th component.
Thermal conductivity is different by about four fold between water and ice (Table 1) . Therefore, ice fraction seriously affects to thermal conductivity of frozen food. Theoretical treatment of thermal conductivity of a mixture is very complicated because this is essentially a nonadditive property. Thermal conductivity of a mixture is dependent not only on the chemical composition of the system but also on the spatial structure of each component. In this case, the only property to be discussed is "effective" thermal conductivity. Figure 2 shows the effective thermal conductivity of unfrozen and frozen glucose solutions. In unfrozen state, the effective thermal conductivity is slightly dependent on solute concentration and scarcely dependent on temperature. In frozen state, however, it is strongly dependent on both solute concentration and temperature . This reflects a change in ice E-mail: aosato@mail.ecc.u-tokyo.ac.jp fraction in the system shown in Fig. 1 . To analyze this quantitatively, three structure models were applied to heat conduction process ( Fig. 3) (Miyawaki & Pongsawatmanit, 1994) : (1) series thermal resistance model; (2) parallel thermal resistance model; (3) randomly dispersed model (Maxwell-Eucken model). As a result, all of the models tested were applicable for unfrozen sample reflecting the relatively small difference in thermal conductivity between water and food components. Therefore, the parallel thermal resistance model was recommendable for its simplest mathematical expression For the frozen sample, however, above models showed completely different behavior from one another reflecting the large thermal conductivity of ice compared with other components (Table 1) . In this case, the randomly dispersed model is further divided into two categories: dispersed model with ice phase dispersed (ME1 model) and that with ice phase continuous (ME2 model). Among these four models, ME1 model gave the best result, which is shown by lines in Fig. 2 . In this case, effective thermal conductivity of frozen food, l e , is described by the following equation: (Miyawaki & Ponsawatmanit, 1994) . Miyawaki & Pongsawatmanit (1994) . (Tables  1 and 4 ). Figure 4 summarizes the recommended procedure for the estimation of the effective thermal conductivity of unfrozen and frozen food. In the theoretical analysis of freezing as well as thawing process (Miyawaki et al., 1989; Liu, C.M. et al. 1999) , temperature dependency of thermal properties as discussed here should be appropriately considered.
How is ice crystal structure determined?
Historically, ice crystal size in frozen food is reported to be formed in the temperature range between 0 and -5˚C, which is called as a "zone of maximal ice crystal formation" (Fig. 5) . Ice crystal size is believed to be determined by the passage time through this zone of maximal ice crystal formation. The "zone" of maximal ice crystal formation, however, varies among foods, "the passage time" through this zone varies with location in food, and "the passage time" cannot give any quantitative information on ice structure size formed after freezing. Therefore, we tried to analyze the ice crystal growth process quantitatively as a diffusion-limited process of water molecules in a limited time, which is determined by the freezing rate.
In the crystallization process, a necessary time for an ice crystal to grow to a size d p is represented by d p 2 /D W (D W : diffusion coefficient of water) because molecular diffusion is the only mechanism for an ice crystal to grow. On the other hand, ice crystals are allowed to grow only in a limited time, which is determined by an advance rate of ice front, u, and a representative scale, d p . This time scale for ice crystals allowed to grow is expressed by d p /u. As these two time scales must be in the same order of magnitude, the following equation is obtained (Miyawaki et al., 1992) 
This equation was applied to photographically-analyzed ice crystals formed in frozen soyprotein gels. Figure 6 shows the result (Miyawaki et al., 1992) . Ice crystal size, d p , is inversely proportional to the advance rate of ice front. Equation (5) was also applicable to the ice crystal size formed in agar gel analyzed by mercury porosimetry (Bae et al., 1993) . These results show that the advance rate of ice front is a very important parameter, representing thermal properties and various operating conditions, to determine ice crystal structure in frozen food.
In the literature, Bevilacqua et al. (1979) made histological measurements of ice crystal structure formed in frozen beef and obtained the following expression for ice crystal size.
d P =a+bln(t c ) (6) where, a and b are experimental constants and t c is the "passage time" through the temperature range between -1 and -7˚C. Bomben and King (1982) analyzed the dendritic spacing of the ice formed in the frozen apple tissue. Their result apparently seemed different both from Eqs. (5) and (6) but it turned out to be theoretically similar with Eq. (5) (Miyawaki et al., 1992) . Woinet et al. (1998) proposed more complicated theoretical model considering the effect of the initial temperature of the sample to be frozen.
In Table 5 , ud p values are compared in various systems measured by various methods (Miyawaki, 1995) . The observed values are between 2 to 3.7¥10 -6 cm 2 /s, which is not much different from the self-diffusion coefficient of pure water at 0˚C (1.0¥10 -6 . This strongly suggests that the molecular diffusion of water is the dominant mechanism for the ice crystal to grow in frozen food (Miyawaki et al., 1992; Bae et al., 1993) .
Effect of supercooling
In the freezing process accompanied with substantial supercooling, very fine ice structure is observed. This is ascribable to the very rapid freezing at the moment when supercooling ceases. Figure 7 shows the ice crystal size formed in frozen soyprotein curds with coolant temperature varied (Miyawaki et al., 1992) . With a decrease in coolant temperature, ice crystal size, represented by circles, decreased as was expected by Eq. (5). However, there is another group of data at around -5˚C, represented by triangles, which are much smaller in size. In this case, supercooling was accompanied in the freezing. In the freezing process accompanied by supercooling, enthalpy-temperature relationship is expressed as in Fig. 8A . In this figure, the process bAEf is a supercooling step and this ceases in the process described by fAEg, which is very rapid in rate. This is considered to be a process with very large u in Eq. (5). Thus, supercooling causes formation of very fine ice structure.
Pressure-shift freezing
As supercooling causes to form very fine ice structures, through a very rapid freezing at the moment when supercooling ceases, the supercooling process described by bAEfAEg in Fig. 8A is nonequilibrium and thermodynamically unstable process so that this is not a controllable process. Pressure-shift freezing is the other alternative to realize very rapid freezing to control ice structure very fine. In the phase diagram of water, freezing point of water is depressed down to -20˚C when pressure goes up to 200MPa. This makes pressure-shift freezing possible as shown in Fig. 8B . In this case, freezing point (T f ) decreases with an increase in pressure so that the point "f" is stabilized. Therefore, a very rapid freezing process (fAEg) with a pressure shift becomes a controllable process. Figure 9 shows a typical data of temperature change in a pressure-shift freezing of agar gel. Before freezing, pressure was raised to 200MPa, then the sample was cooled down to -20˚C at which the sample was still unfrozen. Then pressure was suddenly decreased to normal pressure, which triggered a sudden beginning of freezing. This is effective to control the ice structure size very fine.
Pressure-shift freezing, however, does not necessarily mean the complete freezing of water existing in the system because the sensible heat difference between -20 and 0˚C is much smaller (~1/4) than the latent heat of the freezing of water. Pressure-shift freezing probably supplies enough amount of ice nuclei at the moment of the pressure-shift causing to form very fine ice structures.
Pressure-shift freezing is expected to improve the texture and quality of frozen food through the control of ice structure. Therefore, it has been applied to various foods such as soyprotein gel (Kanda et al., 1992; , carrot , chinese cabbage (Fuchigami et al., 1998) , pork (Martino et al., 1998) , lobster (Chevalier et al., 2000) , and various food gels (Kalichevsky-Dong et al., 2000) . Miyawaki (1995) . 
Progressive freeze-concentration
Pressure-shift freezing is a method in which ice crystal structure is controlled very fine. On the contrary, there is a necessity to control ice crystal very large. In freeze concentration, large ice crystals are favorable to ease the separation of ice crystals from the concentrated mother solution. Therefore, ice crystals are grown to large through the Ostwald ripening mechanism in the presently available suspension crystallization method (Huige & Thijssen, 1972) . The size of ice crystals, however, is still limited in this method so that the freeze concentration based on the suspension crystallization method needs very complicated system for the separation between ice crystals and mother liquid. This makes freeze concentration process the most expensive among the methods for concentration such as evaporation and reverse osmosis. Therefore, the application of freeze concentration is still limited in food industry although it gives an excellent quality retaining flavors and thermally fragile compounds in concentration process (Deshpande et al., 1982) .
Progressive freeze-concentration is based on a completely different concept in the crystallization process as compared with the suspension crystallization method (Liu et al., 1997) . In this method, a large single ice crystal, instead of many small ice crystals, is grown from a cooling surface in a crystallization vessel so that the separation between the ice crystal and the mother solution is very easy. This makes the system very simple, which is expected to decrease the cost of the process substantially.
Historically, progressive freeze-concentration was proposed as a small-scale concentration technique for an analytical purpose applicable both to aqueous and organic solutions (Matthews & Coggeshall, 1959; Shapiro, 1961) . Impurities in organic solvent were effectively concentrated by this method (Matthews & Coggeshall, 1959) . However, no systematic investigation has been carried out so far on the mechanism of concentration and separation efficiency in the progressive freeze-concentration. Figure 10 shows a test apparatus for progressive freeze-concentration used by our group (Liu et al., 1997) . This was composed of a cylindrical sample vessel of stainless steel, a cooling bath, and a driving system to plunge the sample vessel into the cooling bath at a constant speed to control the advance rate of ice front. The sample vessel was equipped with a propeller inside to stir the solution at the ice-liquid interface. Figure 11 shows a typical concentration process of a glucose solution by the progressive freeze-concentration. The solute concentration in the liquid phase increased with a growth of ice while the solute concentration in the ice phase was kept low showing the effectiveness of the progressive freeze-concentration to concentrate the solute.
In the progressive freeze-concentration, the partition constant of a solute between the ice and the liquid phase is most important. This was strongly dependent on the advance rate of the ice front and the mass transfer at the ice-liquid interface determined by stirring rate (Liu et al., 1997) . The partition constant decreased, giving the higher ice purity, with a decrease in the advance rate of the ice front and/or an increase in the stirring rate. Effect of these operating conditions on the partition constant in the progressive freeze-concentration was theoretically analyzed by using a concentration polarlization model as follows (Burton Fig. 9 . Temperature change in pressure-shift freezing of agar gel. al., 1953; Miyawaki et al., 1998) :
where, K (=C S /C L ; C S , solute concentration in ice phase; C L , solute concentration in solution phase) is apparent or overall partition constant of solute between ice and liquid phase, K 0 is intrinsic partition constant at the ice-liquid interface, u is advance rate of ice front, and k is mass transfer coefficient at the interface. The value of K changes between 0 (ideal freeze concentration) and 1 (no concentration). The mass transfer coefficient is expected to be related to the stirring speed, N, by the following
where a and b are experimentally determined. The concentration polarization model expressed by Eq. (7) directly describes the effects of the advance rate of ice front and the mass transfer at the ice-liquid interface on the concentration efficiency in the progressive freeze-concentration. Experimental results at various operating conditions were successfully explained by this model as shown in Fig. 12 .
Progressive freeze-concentration was applied to concentration of tomato juice (Liu, L. et al., 1999) . Tomato juice of 4.3 wt% was concentrated up to 18.8 wt%. After the concentration by the progressive freeze-concentration and reconstitution based on Brix, the quality of the juice was analyzed as shown in Table 6 . No substantial differences, except for salt content, were observed in acidity, vitamin C content, or color quality compared with a sample before freeze concentration showing the practical applicability of the progressive freeze-concentration to the concentration of tomato juice with a high quality.
To increase the productivity of progressive freeze-concentration, a tube ice system was proposed for a scale-up (Shirai et al., 1999) . In this method, ice crystal grows inside the cooling tube in the circulating flow so that the surface area of the growing ice increased much to increase productivity of the apparatus. Progressive freeze-concentration will change the concept of freeze concentration drastically and now it is expected to be applicable not only to high-quality concentrations of liquid food but also even to waste water treatments because of its substantially reduced cost.
Concluding remarks
In spite of the importance and wide application of freezing in food preservation and processing, the mechanism of ice crystal structure formation is not fully understood yet. Ice crystal formation in freezing process, basically, is a result of the delicate balance between the mass and heat transfer. Although the present approach may oversimplify the phenomena, the results seem useful in practice in various situations. Understanding of ice crystal structure is important in the quality control of frozen food as well as in the process control in freeze-related processes such as freeze-concentration, freeze-drying, freeze-texturization, and freeze-shattering. (7) and (8). Table 6 . Quality of reconstituted tomato juice after progressive freezeconcentration 
